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(54) Optical transmitter and optical transmission system using polarisation modulation 



(57) An optical transmitter for use in an optical trans- 
mission system comprises a light source (1 ), an intensity 
modulator (2) for modulating the intensity of light output 
from the light source according to NRZ data (101) that 
is transmission data, and a polarization modulator (4) 
for modulating the polarization of the output from the in- 
tensity modulator according to an alternating signal 
(102). Each bit of the alternating signal has substantially 
the same time interval as each bit of the transmission 
data. Instead of the NRZ data, an RZ signal may be used 



for modulation, and instead of the alternating signal, a 
signal may be used that inverts the logic for those bits 
having a value for the larger intensity of the modulated 
light. A phase modulator using a bit rate frequency sine 
wave as a modulation input may be inserted between 
the intensity modulator and the polarization modulator. 
In this case, the intensity and phase modulators may be 
connected in the reverse order. In addition, at least one 
optical amplifier may be inserted between any adjacent 
modulators. 
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Description 



BACKGROUND OF THE INVENTION 



5 i. FIELD OF THE INVENTION 

[0001] The present invention relates to an optical transmitter and an optical transmission system, and in particular, 
to an optical transmitter and an optical transmission system that can improve transmission characteristics by suppress- 
ing non-linear effects occurring in an optical fiber transmission line. 

10 

2. DESCRIPTION OF RELATED ART 



[0002] In the field of optical communication, optical signals are conventionally transmitted via repeaters including 3R 
functions (retiming, reshaping, and regenerating). Such a repeater converts a transmitted optical signal into an electric 

is signal, which is then subjected to predetermined processing and converted into the optical signal again before trans- 
mission to an optical transmission line. Recently developed optical fiber amplifiers, however, have enabled signals to 
be transmitted over a long distance of several thousands of km's using only repeaters without the 3R functions. Con- 
sequently, the reliability of the optical transmission system has been improved and costs have been reduced. On the 
other hand, to further increase the transmission capacity, active efforts are being made to research a wavelength- 

20 division multiplexed (WDM) optical transmission system that transmits optical signals having mutually different wave- 
lengths using a single transmission line. The wavelength-division multiplexed optical transmission has already realized 
a transmission capacity of larger than 1 Tb/s over a transmission distance of several hundred km. Such improved 
transmission distance and capacity have mostly been achieved by the ability of the optical fiber amplifier to amplify 
signal lights through a plurality of channels at a time. 

25 [0003] Research is being widely conducted to implement long-distance and large-capacity optical transmissions 
using the optical fiber amplifier and WDM technology. The demand for the transmission capacity is expected to explo- 
sively increase due to the international spread of internet In particular, the demand for transmissions between Japan 
and the U.S. is predicted to increase, so the energetic research of very-long-distance (~ 10,000 km) systems across 
the Pacific Ocean is under way. 

30 [0004] In order to realize long-distance transmissions, the waveform must be prevented from being degraded due 
to various factors. For example, the waveform may be degraded due to the polarization dependent effect occurring in 
the transmission line. The polarization dependent effect refers to the dependency of the transmission characteristics 
of optical fibers on the polarization state of signal light, and includes polarization dependent loss. 
[0005] Various techniques have been developed to suppress the polarization dependent effect occurring in the optical 

35 fiber transmission line. For example, to suppress the polarization dependent effect occurring in the transmission line, 
bit-synchronized polarization scramble can be applied to signal light output from an optical transmitter The bit-syn- 
chronized polarization scrambling can be applied for signal light in order to eliminate polarization effect of the trans- 
mission line. This technique smoothes the polarization dependent effect for each bit to prevent the transmission char- 
acteristics from varying depending on the polarization state of signal light. 

40 [0006] There are, however, various other factors causing the waveform to be degraded during propagation through 
optical fibers, and appropriate measures are required for these factors. 



SUMMARY OF THE INVENTION 

45 [0007] An optical transmitter according to the present invention comprises an optical modulator tor modulating the 
intensity of input light based on transmission data to output modulated light and a polarization modulator for modulating 
the polarization of the modulated light based on a polarization modulating signal, wherein each bit of the polarization 
modulating signal is set to have substantially the same time interval as each bit of the transmission data. 
[0008] Furthermore, the polarization modulator sets the polarization of each bit of the modulated light to one of two 

so orthogonal polarizations for output, according to the polarization modulating signal. 

[0009] The optical modulator may comprise an intensity modulator for modulating the intensity of input light based 
on the transmission data to output intensity-modulated light and a phase modulator for modulating the phase of the 
intensity-modulated light based on a bit rate frequency sine wave that is a sine wave of a frequency corresponding to 
the bit rate of the transmission data. 

55 [0010] The optical modulator may comprise a phase modulator for modulating the phase of the intensity-modulated 
light based on a bit rate frequency sine wave that is a sine wave of a frequency corresponding to the bit rate of the 
transmission data to output phase-modulated light and an intensity modulator for modulating the intensity of the phase- 
modulated light based on the transmission data 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The above and other objects, features, and advantages of the present invention will become more apparent 
from the following detailed description when taken in conjunction with the accompanying drawings wherein: 

5 

Fig. 1 is a conceptual drawing showing a cross section of an optical fiber to describe the effect of polarization 
dependency; 

Fig. 2 is a block diagram showing a configuration of an optical transmitter in a conventional optical transmission 
system; 

10 Fi 9- 3 is a block diagram showing a configuration of an optical transmitter in another conventional optical trans- 

mission system; 

Fig. 4 shows a configuration of an optical transmission system according to the present invention; 
Fig. 5 is a block diagram showing a configuration of an optical transmitter in an optical transmission system ac- 
cording to a first embodiment of the present invention; 
15 Fig. 6 is a timing chart showing operations of an intensity modulator 2 and a polarization modulator 4, which are 

shown in Fig. 5; 

Fig. 7(a) shows intensity-modulated signal light, Fig. 7(b) shows polarization-modulated signal light, and Fig. 7(c) 
shows signal light obtained after passing through an optical fiber; 

Fig. 8 is a block diagram showing a configuration of an optical transmitter in an optical transmission system ac- 
20 cording to a second embodiment of the present invention; 

Fig. 9 is a timing chart showing operations of an intensity modulator 2 and a polarization modulator 4, which are 
shown in Fig. 8; 

Fig. 10 is a block diagram showing a configuration of an optical transmitter in an optical transmission system k 
according to a third embodiment of the present invention; 
25 Fig. 11 is a block diagram showing a configuration of another intensity modulator for RZ modulation according to 

the third embodiment of the present invention; 

Fig. 1 2 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 
according to a fourth embodiment of the present invention; 

Fig. 13 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 
so according to a fifth embodiment of the present invention. 

Fig. 1 4 is a block diagram showing another configuration of the optical transmitter in the optical transmission system 
according to the fifth embodiment of the present invention; 

Fig. 1 5 is a timing chart showing operations of an intensity modulator 2 and a polarization modulator 4, which are 
shown in Fig. 13; 

35 Fig. 16 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 

according to a sixth embodiment of the present invention; 

Fig. 17 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 
according to a seventh embodiment of the present invention; 

Fig. 18 is a blockdiagram showing another configuration of the optical transmitter in the optical transmission system 
40 according to the seventh embodiment of the present invention; 

Fig. 1 9 is a timing chart showing operations of an intensity modulator 2 and a polarization modulator 4, which are 
shown in Fig. 17; 

Fig. 20 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 
according to an eighth embodiment of the present invention; 
45 Fig. 21 is a block diagram showing a configuration of an optical transmitter in an optical transmission system 

according to a ninth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

50 [0012] Prior to the description of the present invention, the conventional techniques are explained to make it under- 
stood easily. 

[001 3] As described above, appropriate measures are required for various factors causing transmission degradation 
in order to implement long-distance optical fiber transmissions. The required measures are, for example, improvement 
of the characteristics of a repeater optical amplifier (reduction of ths noise figure, expansion of the amplification band- 
55 width, and flattening of the gain), appropriate dispersion allocation of transmission lines, development of dispersion 
compensation methods, and establishment of methods for suppressing various non-linear optical effects occurring in 
the transmission line. 

[0014] Of the non-linear optical effects, the degradation of the waveform caused by an SPM-GVD effect that is an 
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interaction between self phase modulation (SPM) and group velocity dispersion (GVD) is the greatest factor inhibiting 

the improvement of the transmission capacity. 

[0015] First, the self phase modulation (SPM) will be described. 

[0016] The propagation speed of light in optical fibers depends on the refractive index of glass acting as a transmis- 
5 sion medium. The refractive index of the optical fiber is very small but varies with the instantaneous intensity of trans- 
mitting signal light. The self phase modulation in optical fibers refers to phase modulation applied to signal light due 
to variations in refractive index caused by the instantaneous intensity of signal light. This effect causes signal light of 
a varying intensity to have its phase vary with the intensity. The SPM, however, does not vary signal waveforms, so it 
varies signal light spectra but not signal light waveforms. 
io [001 7] Next, the group velocity dispersion (GVD) effect in wavelength-division multiplexed transmissions will be de- 
scribed. 

[0018] The transmission velocity of optical signals through optical fibers generally depends on their wavelength. A 
wavelength region in which lighl of a shorter wavelength travels at a larger velocity is called a "normal dispersion" 
region (a negative dispersion region), while a wavelength region in which light of a longer wavelength travels at a larger 
is velocity is called an "anomalous dispersion" region (a positive dispersion region) . In addition, the dispersion slope of 
optical fibers (the dependency of group velocity dispersion on the wavelength) has an inclination in the same direction 
despite the group velocity dispersion (some fibers exceptionally have the opposite inclination), and the value of group 
velocity dispersion decreases with decreasing wavelength. 

[0019] In long-distance wavelength-division multiplexed optical transmission system., most transmission lines are 
20 composedof normal-dispersion fibers (fibers having negative dispersions around the signal wavelength band). To com- 
pensate for negative dispersions accumulated in the transmission line, dispersion-compensating optical fibers having 
positive dispersion are inserted into the transmission line as appropriate. Such a configuration suppresses four wave 
mixing among wavelength channels while precluding the accumulated dispersion value of signal light from excessively 
increasing. The wavelength at which the amounts of positive and negative dispersions are well-balanced is referred 
25 to as an "average zero dispersion wavelength", around which the signal waveform does not significantly vary despite 
the group velocity dispersion occurring in the middle of transmission. 

[0020] In a wavelength-division multiplexed transmission system, a plurality of wavelength channels having different 
wavelengths are transmitted through a single optical fiber transmission line. Although dispersions are not accumulated 
for signal light located near the average zero dispersion wavelength, the dispersion slope causes negative or positive 

30 dispersions to be gradually accumulated in channels having a wavelength shorter or longer than the average zero 
dispersion wavelength, respectively. Accordingly, the signal waveform gradually varies from its original state. 
[0021] The variation of the waveform caused by the accumulated dispersions is reversible. Thus, the waveform can 
be restored to its original state by adding dispersions of the same magnitude as the accumulated dispersion value but 
of the opposite sign to the signal at the receiving terminal. On the other hand, the self phase modulation is an irreversible 

35 process. Thus, when it occurs after the waveform has been changed due to the accumulated dispersions, the waveform 
cannot be restored even by compensating for the dispersions at the receiving terminal. This is the degradation of the 
waveform caused by the SPM-GVD effect. Shce the SPM-GVD effect depends on the amount of accumulated disper- 
sions in the optical fiber transmission line, it is more significant in channels assigned for wavelengths located further 
from the average zero dispersion wavelength. 

40 [0022] The intensity of signal light through the transmission line is desirably reduced in order to suppress the deg- 
radation of the waveform caused by the SPM-GVD effect. This is because the self phase modulation is more and more 
noticeable as the light intensity is higher and higher. The reduction of the signal light intensity, however, is limited 
because it leads to the degradation of the signal to noise ratio. One of the current techniques for suppressing the 
waveform degradation other than the minimization of the signal light intensity is the superposition of prechirp on signal 

45 light. This technique is closely related to polarization scramble, that is, a technique for suppressing the polarization 
dependent effect occurring in the transmission line. This will be described in detail below. 

[0023] Besides the SPM-GVD effect, the polarization dependent effect occurring in the transmission line causes the 
waveform to be degraded during passage through the optical fiber transmission line. The polarization dependent effect 
refers to the dependency of the transmission characteristics of optical fibers on the polarization state of signal light, 

so and includes, for example, polarization dependent loss. 

[0024] The polarization dependency will be explained with reference to the conceptual cross -sectional view of an 
optical fiber transmission line shown in Fig. 1. For example, the transmission characteristics are assumed to differ 
between the polarization of signal light in the direction shown by arrow 30 and the polarization in the direction shown 
by arrow 32. In this case, the signal to noise ratio of signal light upon arrival at an optical receiver varies depending 

55 on its polarization state during passage through the optical fiber transmission line. As a result, the transmission char- 
acteristics vary over time. 

[0025] An invention for suppressing the polarization dependent effect occurring in the optical fiber transmission line 
is described in Japanese Patent Laid-Open Publication No. 8-111662. To suppress the polarization dependent effect 
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occurring in the transmission line, this invention applies bit-synchronized polarization scramble to signal light output 
from an optical transmitter The bit-synchronized polarization scramble smoothes polarized signal light tor each bit to 
eliminate polarization. This technique smoothes the polarization dependent effect for each bit to prevent the transmis- 
sion characteristics from varying depending on the polarization state of signal light. 

5 [0026] The polarization scramble, however suppresses the polarization dependent effect occurring in the transmis- 
sion line but has few effects on the degradatbn of the waveform caused by the SPM-G VD effect. Although, however, 
not specified in Japanese Patent Laid-Open Publication No. 8-111662, phase modulation provided by the bit rate fre- 
quency is necessarily superposed on signal light during the bit-synchronized polarization scramble. This bit-synchro- 
nized phase modulation (prechirp) is effective in preventing the waveform from being degraded due to the SPM-G VD 

10 effect. This is described in, for example, Document A, which is shown below. 

Document A: Neal S. Bergano et. aL, Optical Fiber Communication Conference '96, TuN1 , 1996 
[0027] The effect of the bit-synchronized polarization scramble in suppressing the SPM-GVD effect is particularly 
significant in systems having a bit rate of 5 Gb/s or less per channel, and is used in the transmission experiments in 
Documents B and C : which are shown below. 

15 Document B: Neal S. Bergano et. aL, Optical Fiber Communication Conference '97, PD16, 1997 

Document C: N. Shimojoh et. a!., Electronics Letters, vol. 33, No. 10, PP.877 -879, 1997 
[0028] Fig. 2 shows an optical transmitter of the configuration used in Document C, and Fig. 3 shows an optical 
transmitter of the configuration used in Document D. 

Document D: M. Suzuki et. a!., Optical Fiber Communication Conference '98, PD17, 1998 

20 [0029] The optical transmitter shown in Fig. 2 is configured of a light source 1, an intensity modulator 2, and a 
polarization modulator 4. 

[0030] The intensity modulator 2 modulates the intensity of signal light input from the light source 1 based on RZ 
(Return to Zero) data 101. 

[0031] The polarization modulator 4 modulates the polarization of the signal light input from the intensity modulator 

25 2 according to the level of a bit rate frequency sine wave 105. 

[0032] The optical transmitter in Fig. 3 additionally includes a phase modulator 3 between the polarization modulator 
4 and the intensity modulator 2 compared to the optical transmitter in Fig. 2. Document D describes transmission 
experiments for both bit rates of 5 and 10 Gb/s per channel. In the case of the bit rate ol 10 Gb/s, however, the depth 
of prechirp- applied for the bit -synchronized polarization modulation is not optimal for suppressing the degradation of 

30 the waveform caused by the SPM-GVD effect, so a phase modulator 3 is provided to optimize the depth of prechirp. 
[0033] Signal light from the conventional optical transmitter (Fig. 2 or 3) is subjected to the bit-synchronized polari- 
zation scramble through polarization modulation provided by the bit rate frequency sine wave 105, thereby enabling 
the polarization dependent effect to be suppressed as described above. In addition, the superposition of the bit -syn- 
chronized phase modulation (prechirp) restrains the degradation of the waveform caused by the SPM-GVD effect. 

35 [0034] Even with this method, however, the band in which the degradation of the waveform caused by the SPM-GVD 
effect is not very significant after transmission over a very long distance of 10,000 km is narrow, that is, nearly 8 nm 
around the average zero dispersion, thereby enabling only about 10 wavelength channels to be located therein. Ac- 
cordingly, to implement high-capacity transmissions in the future, a new technique is required for sufficiently suppress- 
ing the degradation of the waveform caused by the SPM-GVD effect. 

40 [0035] The embodiments of the present invention will be described in detail with reference to the drawings. 

(First Embodiment) 

[0036] First, an optical transmission system according to a first embodiment of the present invention will be described. 
45 Fig. 4 shows a configuration of the first embodiment of the optical transmission system according to the present in- 
vention. The optical transmission system in Fig. 4 is configured of an optical transmitter 200, an optjcal fibertransmission 
line 300, and an optical receiver 400. 

[0037] Fig. 5 is a block diagram showing a configuration of the optical transmitter 200 in the optical transmission 
system according to this embodiment. The same components as in Fig. 2 have the same reference numerals as in 
50 this figure. The optical transmitter 200 is configured of the light source 1 , the intensity modulator 2, and the polarization 
modulator 4. 

[0038] The intensity modulator 2 modulates the intensity of signal light from the light source 1 based on the NRZ 
(Non Return to Zero) data 101 that is transmission data prior to output. 

[0039] The polarization modulator 4 modulates the polarization of the signal light output from the intensity modulator 
55 2 using an alternating signal 102 prior to output. 

[0040] The alternating signal 102 has the same period as the NRZ data 101 and consists of the sequence "101010... 
* wherein the adjacent bits are mutually inverse. 

[0041] Next, the operation of this embodiment will be described with reference to Figs. 6 and 7. 
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[0042] Fig. 6 is a timing chart showing the waveforms of the NRZ data 101 and alternating signal 102, and Fig. 7 is 
a type drawing of signal light. 

[0043] The intensity modulator 2 modulates the intensity of signal light from the light source 1 using the NRZ mod- 
ulation method. The polarization modulator 4 subsequently modulales the polarization of the intensity-modulated signal 
5 light based on the alternating signal 1 02. The polarization modulation modulates the polarizations of the adjacent bits 
in the signal light so as to be orthogonal to each other. 

[0044] In the optical transmission system according to this embodiment, the intensity -modulated signal light shown 
in Fig. 7 (a) has its polarization modulated prior to transmission so that the temporally adjacent bits are mutually or- 
thogonal in termsof polarization. Thus, even when the polarization-modulated signal light shown in Fig. 7(b) is degraded 
io by the group velocity dispersion effect caused by passage through the optical fiber transmission line, the interference 
between the temporally adjacent bits does not significantly affect the light, as shown in Fig. 7(c). Thus, the degradation 
of the waveform caused by the SPM-GVD effect can be suppressed. 

[0045] The following has been shown by detailed examinations of the-degradation of the waveform caused by the 
SPM-GVD effect when the bit-synchronized phase modulation is used. The distortion of the waveform caused by the 

is wavelength dispersion in the transmission line causes the adjacent bits to mutually interfere. In this condition, when a 
non -linear effect occurs, the amount of waveform distortion at the receiving terminal is determined by the degree of 
this effect. Thus, by preventing the longitudinally adjacent bits in bit -synchronized phase-modulated signal light from 
mutually interfering when wavelength dispersion causes the waveform to be distorted, the degradation of the waveform 
caused by the SPM-GVD effect can be restrained. 

20 [0046] The optical transmission system according to this embodiment uses this function to suppress the degradation 
of the waveform caused by the SPM-GVD effect. 

[0047] In all of the following embodiments, with respect to the order in which the intensity modulator 2, the phase 
modulator 3, and the polarization modulator 4 are arranged, the intensity modulator 2 and the phase modulator 3 can 
be arranged in an arbitrary order, but the polarization modulator 4 must be placed at the trailing end of the system 
25 because the intensity modulator 2 and the phase modulator 3 generally have a polarization dependency. 

[0048] Since this optical transmission system transmits data based on the intensity of an optical signal, the intensity 
is not changed even when the signal light is phase- or polarization-modulated. Accordingly, the optical receiver 400 in 
the optical transmission system according to this embodiment may comprise a conventionally common receiver that 
simply converts the intensity of input light into an electric signal. 

so 

(Second Embodiment) 

[0049] Next, an optical transmission system according to a second embodiment of the present invention will be 

explained. The general configuration of the optical transmission system according to this embodiment is the same as 
3S in the first embodiment. 

[0050] Fig. 8 is a block diagram showing a configuration of the optical transmitter 200 in the optical transmission 

system according to this embodiment. In Fig. 8 the same components as in Fig. 5 have the same reference numerals. 

[0051] The optical transmitter 200 is configured of the light source 1. the intensity modulator 2, the polarization 

modulator 4, and a polarization state control circuit 11 . 
40 [0052] The polarization state control circuit 1 1 is configured of an exclusive-OR circuit 1 0 and a 1 -bit delay circuit 6. 

[0053] The 1 -bit delay circuit 6 delays a polarization state control signal output from the exclusiveOR circuit 10, by 

1 bit prior to output. 

[0054] The exclusive-OR circuit 10 calculates the exclusive OR between the NRZ data 101 and the output signal 
from the 1 -bit delay circuit 6, and outputs the results of calculation as a polarization state control signal. 
45 [0055] This configuration allows the exclusive-OR circuit 10 to output a polarization state control signal obtained by 
inverting the logic of a signal output from the 1 -bit delay circuit 6 (that is, the signal output from the exclusive-OR circuit 
1 0 as the last bit). 

[0056] Since the polarization modulator 4 modulates polarization based on the polarization state control signal, it 
carries out modulation such that the polarization of signal light from the intensity modulator 2 orthogonal izes the po- 

50 larization of the last bit each time the NRZ data 101 becomes "1 ". 

[0057] Fig. 9 is a timing chart showing operations of the intensity modulator 2 and polarization modulator 4. 
[0058] The first embodiment provides polarization modulation such that polarizations are mutually orthogonal every 
other bH. This is the simplest method for configuring the optical transmission system When, however, the bit next to 
a certain bit has the digit "0" (signal light off state), it is meaningless to switch the polarization state between these two 

55 bits. This is because the second bit inherently has no signal light power and thus does not interfere despite the absence 
of the switching of the pofarization state. 

[0059] Next, the modulation method according to this embodiment will be explained with reference to specific exam- 
ples. For example, there is assumed to be a signal sequence of continuous 10 bits. The upper stage indicates the 
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order of the bits, while the lower stage indicates the signal. 
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[0060] When the polarization is modulated using the method according to the first embodiment, the odd-number bits 
and even-number bits will have different polarization states. For example, the fifth B 1 " signal may be interfered with by 
four bits providing the D 1 " signal and including the first, third, seventh, and ninth bits. 

[0061] When the polarization is modulated so that the polarizations of the 10-bit signal sequence cross each other 
each time the °1 n signal (signal light on state) appears, the following sequence can be obtained. 
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[0062] O and • indicate the polarization states, and bits with the same mark have the same polarization state. In 
this case : the fifth "1 " signal may be interfered with by two bits providing the "1 " signal and including the third and eighth 
bits. Thus, this embodiment can reduce the number of bits that may interfere compared to the first embodiment. 
20 [0063] As shown above, by modulating the polarization so that the polarizations cross each other each time the n 1 B 
signal (signal light on state) appears, the number of bits that may interfere can be reduced compared to the method 
providing polarization modulation every olher bit. As a result, the degradation of the wavelength can be restrained. 

(Third Embodiment) 

25 

[0064] Next, an optical transmission system according to a third embodiment of this invention will be described. The 
general configuration of the optical transmission system and the basic configuration of the optical transmitter 200 
according to this embodiment are the same as in the first embodiment. Fig. 10 shows a configuration of the optical 
transmitter 200 used for this embodiment. This optical transmitter differs from the first embodiment in that instead of 
so the NR2 data, the RZ (Retunvto-Zero) data 104 is used for intensity modulation. With respect to intensity modulation 
methods for long-distance transmissions, the RZ modulation can suppress the degradation of the waveform caused 
by ths non-linear effect more easily than the NRZ modulation and serves to provide excellent transmission character- 
istics. 

[0065] The SPM-GVD effect in this embodiment can be further suppressed using the intensity modulation method 

35 that uses the RZ signal as transmission data. The reason is shown below. 

[0066] First, the RZ modulation inherently has superior receiver sensitivity to the NRZ modulation. This effect is 
significant in long-distance transmissions in which the optical SNR is substantially degraded after transmission. 
[0067] Second, chirp associated with the polarization modulation can be reduced. During the polarization modulation, 
relatively large chirp is added to the signal light in the gap between the bits. In the NRZ modulation, signal power may 

40 be present in the gap between the bits, so the signal is likely to be affected by the chirp. On the contrary, the RZ 
modulation involves no signal power in the gap between the bits, thereby avoiding the adverse effect of the chirp. 
[0068] The RZ modulation using a single intensity modulator requires an electric circuit for driving the modulator and 
also requires the intensity modulator to have a frequency bandwidth almost double that in the NRZ modulation. When 
fast electric circuit and intensity modulator cannot be produced easily, two or more intensity modulators can be used 

45 for the RZ modulation, as described in Documents B and D. 

[0069] Fig. 11 shows a configuration of an intensity modulator in the case in which two such intensity modulators are 
used for the RZ modulation. 

[0070] The following embodiments using the RZ modulation method as the intensity modulation method use a single 
intensity modulator or the intensity modulator in Fig. 11 . 

so 

(Fourth Embodiment) 

[0071] Next, an optical transmission system according to a fourth embodiment of the present invention will be de- 
scribed. The general configuration of the optical transmission system and the basic configuration of the optical trans- 
55 mrtter 200 according to this embodiment are the same as in the second embodiment. Fig. 1 2 shows a configuration of 
the optical transmitter 200 used for this embodiment. This optical transmitter differs from the second embodiment in 
that the RZ data 104 is used for intensity modulation. Compared to the optical transmission system according to the 
second embodiment, this embodiment further improves the transmission characteristics, as in the third embodiment. 
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(Fifth Embodiment) 

[0072] Next, an optical transmission system according to a fifth embodiment of this invention will be explained. The 
genera! configuration of the optical transmission system according to this embodiment is the same as in the first em- 
5 bodiment. 

[0073] The optical transmitter 200 is configured of the light source 1 , the intensity modulator 2, the phase modulator 
3, and the polarization modulator 4, as shown in Fig. 13. The same components as in Fig. 5 have the same reference 
numerals. 

[0074] The intensity modulator 2 modulates the intensity of signal light from the light source 1 according to the NRZ 
10 data 101 . Next, the phase modulator 3 modulates the phase of the intensity-modulated signal light based on a bit rate 
frequency sine wave 105 corresponding to the bit rate frequency of the signal. The polarization modulator 4 then 
modulates the polarization of the phase-modufated signal light based on the alternating signal 1 02 so that the temporally 
adjacent bits are mutually orthogonal in terms of polarization. The intensity modulator 2 and the phase modulator 3 
can be connected in the reverse order. Fig. 14 shows a configuration with the reverse order. In this case, an output 
15 from the intensity modulator 2 is input to the polarization modulator 4. Fig. 15 shows timings for the operations of the 
intensity modulator 2 : phase modulator 3, and polarization modulator 4. 

[0075] As described in Document A, the degradation of the waveform caused by the SPM-GVD effect can be sup- 
pressed by modulating (applying prechirp to) the phase of the intensity-modulated signal light using a repeated wave 
corresponding to the bit rate frequency. This embodiment uses both the prechirp and the polarization modulation for 
20 avoiding the interference between adjacent bits ; in order to further improve the effect of suppressing the degradation 
of the waveform caused by the SPM-GVD effect. 

(Sixth Embodiment) 

25 [0076] Next, a sixth embodiment of this invention will be described. The general configuration of the optical trans- 
mission system according to this embodiment is the same as in the first embodiment. Fig. 16 shows a configuration 
of the optical transmitter 200 used for this embodiment. Its basic configuration is the same as in the fifth embodiment. 
This optical transmitter differs from the fifth embodiment in that the RZ data is used for intensity modulation. Compared 
to the fifth embodiment, the optical transmission system according to this embodiment further improves the transmission 

30 characteristics using the RZ modulation method. 

(Seventh Embodiment) 

[0077] Next, a seventh embodiment of this invention will be explained. The general configuration of the optical trans- 
35 mission system according to this embodiment is the same as in the first embodiment. Fig. 17 shows a configuration 
of the optical transmitter 200 used for this embodiment. The optical transmitter 200 is configured of the light source 1 , 
the intensity modulator 2, the phase modulator 3, and the polarization modulator 4. The intensity modulator 2 modulates 
the intensity of signal light from the light source 1 according to the NRZ modulation method. Subsequently, the phase 
modulator 3 modulates the phase of the signal light using a repeated wave corresponding to the bit rate frequency of 
40 the signal. The polarization modulator 4 then modulates the polarization of the signal light so that the polarizations 
cross each other each time the "1" signal (signal lignt on state) appears. The intensity modulator 2 and the phase 
modulator 3 can be connected in the reverse order. Fig. 18 shows a configuration with the reverse order. In this case, 
an output from the intensity modulator 2 is input to the polarization modulator 4! Fig. 1 9 shows timings for the operations 
of the intensity modulator, phase modulator, and polarization modulator. 

45 

(Eighth Embodiment) 

[0078] Next, an eighth embodiment of this invention will be described. The general configuration of the optical trans- 
mission system according to this embodiment is the same as in the first embodiment. Fig. 20 shows a configuration 
50 of the optical transmitter 200 according to this embodiment. Its basic configuration according to this embodiment is the 
same as in the seventh embodiment. This optical transmitter differs from the seventh embodiment in that the RZ mod- 
ulation is used as the intensity modulation method. Compared to the seventh embodiment, this embodiment further 
improves the transmission characteristics using the RZ modulation method. 

55 (Ninth Embodiment) 

[0079] Next, a ninth embodiment of this invention will be described The general configuration of the optical trans- 
mission system according to this embodiment is the same as in the first embodiment. Fig. 21 shows a configuration 
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of the optical transmitter 200 according to this embodiment. This embodiment inserts at least one of three optical 
amplifiers 5a to 5c between the light source 1 and the intensity modulator 2, between the intensity modulator 2 and 
the phase modulator 3 and/or between the phase modulator 3 and the polarization modulator 4. 
[0080] In general, signal light is subjected to a loss of 3 to 8 dB after passage through a single modulator. According 
5 to the configurations of the optical transmitters shown in Figs. 5 and 8 ; signal light from the light source 1 undergoes 
a large loss due to passage through the three modulators, so it cannot maintain an appropriate signal to noise ratio 
easily. Thus, this embodiment uses the optical amplifiers 5a to 5c to compensate for the loss occurring after passage 
through each modulator. This configuration can prevent the signal to noise ratio from being degraded due to passage 
through multiple modulators. 

io [0081] As described above, the present invention can suppress the degradation of the waveform caused by the SPM- 
GVD effect in the long-distance wavelength-division multiplexed optical transmission system, in order to improve the 
transmission characteristics. Thus, this invention enables appropriate transmission despite dispersions larger than in 
the prior art to allocate the wavelength of a light source of transmitter over a wider wavelength region. Accordingly, the 
number of wavelength channels can be increased to improve the transmission capacity. 

*5 [0082] While this invention has been described in connection with certain preferred embodiments, it is to be under- 
stood that the subject matter encompassed by way of this invention is not to be limited to those specific embodiments. 
On the contrary, it is intended for the subject matter of the invention to include all alternatives, modification, and equiv- 
alents as can be included within the scope of the following claims. 



20 



Claims 



1 . An optical transmitter comprising an optical modulator for modulating the intensity of input light based on trans- 
mission data to output the modulated light, and a polarization modulator for modulating the polarization of said 

25 modulated light based on a polarization modulation signal, wherein: each bit of said polarization modulation signal 

has substantially the same time interval as each bit of said transmission data. 

2. The optical transmitter according to claim 1 , wherein: said polarization modulator sets the polarization of each bit 
of said modulated light to one of two orthogonal polarizations for output, according to said polarization modulation 

30 signal. 

3. The optical transmitter according to claim 2, wherein: said polarization modulation signal includes a pattern alter- 
nating a high and a low levels for each bit. 

35 4. The optical transmitter according to claim 2, wherein: said transmission data includes an RZ signal. 

5. The optical transmitter according to claim 2, wherein: said optical transmitter further comprises a polarization state 
control circuit for generating said polarization modulation signal so that a logic is inverted for bits having a value 
for the larger intensity of said modulated light. 

40 

6. The optical transmitter according to claim 2, wherein : said optical transmitter further comprises a polarization state 
control circuit for generating said polarization modulation signal, and wherein: said polarization state control circuit 
comprises: 

45 an exclusive-OR circuit having a first input terminal to which said transmission data is input, and 

an 1 -bit delay circuit for delaying an output from said exclusiveOR circuit by one bit to supply it to a second 
input terminal of said exclusive-OR circuit. 

7. The optical transmitter according to claim 5, wherein: said transmission data includes an RZ signal. 

so 

8. The optical transmitter according to claim 1 , wherein: said optical modulator further modulates the phase of said 
input light based on a bit rate frequency sine wave that is a sine wave of a frequency corresponding to the bit rate 
of said transmission data. 

ss 9. The optical transmitter according to claim 2, wherein: said optical modulator comprises: 

an intensity modulator for modulating the intensity of said input light based on said transmission data in order 
to output the intensity-modulated light; and 
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a phase modulator for modulating the phase of said intensity-modulated light based on a bit rate frequency 
sine wave that is a sine wave of a frequency corresponding to the bit rate of said transmission data. 

10. The optical 'transmitter according to claim 2, wherein: said optical modulator comprises: 

5 

a phase modulator for modulating the phase of said intensity-modulated light based on a bit rate frequency 
sine wave that is a sine wave of a frequency corresponding to the bit rate of said transmission data; and 
an intensity modulator for modulating the intensity of said phase-modulated tight based on said transmission 
data. 

10 

11. The optical transmitter according to claim 9, wherein: said polarization modulation signal includes a bit pattern 
alternating a high and a low levels for each bit. 

12. The optical transmitter according to claim 10, wherein: said polarization modulation signal includes a bit pattern 
75 alternating a high and a low levels for each bit. 

13. The optical transmitter according to claim 9, wherein: said transmission data includes an RZ signal. 

14. The optical transmitter according to claim 10, wherein: said transmission data includes an RZ signal. 

20 

15. The optical transmitter according to claim 9, wherein: said optical transmitter further comprises a polarization state 
control circuit for generating said polarization modulation signal so that a logic is inverted for bits having a value 
for the larger intensity of said modulated light. 

2S 16. The optical transmitter according to claim 9, wherein: said optical transmitter further comprises a polarization state 
control circuit for generating said polarization modulation signal, and 
said polarization state control circuit comprises: 

an exclusive-OR circuit having a first input terminal to which said transmission data is input; and 
so a 1-bit delay circuit for delaying an output from said exclusive-OR circuil by one bit to supply it to a second 

input terminal of said exclusive-OR circuit. 

17. The optical transmitter according to claim 15, wherein: said transmission data includes an RZ signal. 

35 18. The optical transmitter according to claim 10, wherein: said optical transmitter further comprises a polarization 
state control circuit for generating said polarization modulation signal so that a logic is inverted for bits having a 
value for the larger intensity of said modulated light. 

19. The optical transmitter according to claim 1 0 wherein: said optical transmitter further comprises a polarization state 
40 control circuit for generating said polarization modulation signal, and 

said polarization state control circuit comprises: 

an exclusive-OR circuit having a first input terminal to which said transmission data is input; and 
a 1-bit delay circuit for delaying an output from said exclusive-OR circuit by one bit to supply it to a second 
45 input terminal of said exclusive-OR circuit. 

20. The optical transmitter according to claim 18, wherein: said transmission data includes an RZ signal. 

21 . The optical transmitter according to claim 1 , wherein: said optical transmitter further comprises at least one optical 
£ o amplifier inserted in at least one of a position in front of said optical modulator and a position between said optical 

modulator and said polarization modulator. 

22. The optical transmitter according to claim 9. wherein: said optical transmitter further comprises: 

ss at least one optical amplifier inserted in at least one of a position in front of said intensity modulator, a position 

between said intensity modulator and said phase modulator and a position between said phase modulator 
and said polarization modulator. 
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23. The optical transmitter according to claim 10, wherein: said optical transmitter further comprises: 

at least one optical amplifier inserted in at least one of in front of said phase modulator, a position between 
said phase modulator and said intensity modulator, and a position between said intensity modulator and said 
polarization modulator. 

24. The optical transmitter according to claim 1 . wherein: said optical transmitter further comprises: 

a light source for supplying said input light to said optical modulator. 

25. The optical transmitter according to claim 9, wherein: said optical transmitter further comprises: 

a light source for supplying said input light to said optical modulator. 

26. The optical transmitter according to claim 10, wherein: said optical transmitter further comprises: 

a light source for supplying said input light to said optical modulator. 

27. The optical transmitter according to claim 1 , wherein: said optical modulator comprises: 

a first optical-intensity modulator for modulating the intensity of said input light according to said transmission 
delta; and 

a second optical-intensity modulator for modulating the intensity of an output from said first optical -intensity 
modulator according to a bit rate frequency sine wave that is a sine wave of a frequency corresponding to the 
bit rate of said transmission data. 

28. The optical transmitter according to claim 9, wherein: said intensity modulator comprises: 

a first optical-intensity modulator for modulating the intensity of said input light according to said transmission 
data; and 

a second optical-intensity modulator for modulating the intensity of an output from said first optical-intensity 
modulator according to a bit rate frequency sine wave that is a sine wave of a frequency corresponding to the 
bit rate of said transmission data. 

29. The optical transmitter according to claim 10, wherein: said intensity modulator comprises: 

a first optical-intensity modulator for modulating the intensity of said phase-modulated light according to said 
transmission data; and 

a second optical-intensity modulator for modulating the intensity of an output from said first optica I -intensity 
modulator according to a bit rate frequency sine wave that is a sine wave of a frequency corresponding to the 
bit rate of said transmission data. 

30. The optical transmission system comprising: 

the optical transmitter according to claim 24; 

an optical transmission line to which output light from said optical transmitter is input; and 
an optical receiver to which output light from said optical transmission line is input. 
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Fig.8 
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